The gene encoding the major capsid protein (hexon) of human adenovirus type 40 (Ad40) has been isolated and sequenced. Comparison of the predicted amino acid sequence of the Ad40 hexon with the corresponding polypeptide of the human enteric adenovirus, Ad41, reveals an overall identity of 88 ~. The majority of the changes in sequence are located in two areas, amino acids 131 to 287 and 390 to 425. Regions in the hexon protein that vary between Ad40 and Ad41 (subgroup F) were the same regions that varied between Ad2 and Ad5 (subgroup C) suggesting that these areas of the protein represent type-specific antigenic determinants. Other areas were conserved within members of a subgroup but varied between subgroups. Fitting of the Ad40 hexon sequence to the known three-dimensional structure of the Ad2 hexon demonstrates that the variable regions are located in the 11,12 and 14 loops that form the surface of the virion. Of major significance is the absence in Ad40 of the highly acidic region present in both Ad2 and Ad5. In Ad2 this region stretches down into the Dstrand of the fl-barrel forming the P1 domain. Molecular modelling indicates that the amino acids in Ad40 which correspond to the acidic region of Ad2 can also be accommodated in the eight-stranded fl-barrel, thereby maintaining the integrity of the barrel. Since the acidic region is also absent from the hexon of Ad41, the sequence of amino acids that replaces the acidic residues may be responsible for some of the distinctive biological properties of the subgroup F adenoviruses.
INTRODUCTION
To date 41 distinct serotypes of adenoviruses that infect humans have been recognized and shown to cause a correspondingly wide range of disease symptoms. The enteric adenoviruses types 40 (Ad40) and 41 were first identified in stool samples (Flewett et al., 1975) and evidence has since accumulated to suggest their involvement in the aetiology of acute infantile gastroenteritis (Whitelaw et al., 1977; Johansson et al., 1980; Hammond et al., 1987) . Ad40 and Ad41 form adenovirus subgroup F and share many of the common characteristics of adenoviruses but are particularly different with respect to their growth in tissue culture. They have been termed fastidious for their inability to grow in conventional cell lines (de Jong et al., 1983) , but can be successfully propagated in 293 cells, a human embryonic kidney cell line transformed by Ad5 (Graham et al., 1977) .
Although the biological properties of this virus group are diverse, all human adenoviruses share a common architecture and genome organization. A single copy of linear double-stranded DNA of approximately 35000 bp is encapsidated in a non-enveloped icosahedral protein shell. There are at least 11 virus-encoded structural polypeptides of which the hexon (polypeptide II) is the most abundant (reviewed by Ginsberg, 1984) . Hexons comprise 240 out of the 252 capsomeres, while pentons, which are located at the vertices of the icosahedron, form the remaining 12. Hexon constitutes a large proportion of the surface of the virus and it has been shown that this protein contains determinants for type-and group-specific neutralizing antibodies (Haase & Pereira, 1972; Kjell6n & Pereira, 1968; Norrby, 1969; Willcox & Mautner, 1976) . To determine the basis for the antigenic variation among human adenoviruses, we have examined the sequence of the hexons of the enteric adenoviruses. Sequence comparison of the hexons of the subgroup C adenoviruses types 2 and 5 revealed large blocks of conserved residues separated by regions containing amino acid residues that differed between the two viruses (Kinloch et al., 1984) . We recently determined the sequence of the Ad41 hexon gene (Toogood & Hay, 1988) and, although comparison of the predicted amino acid sequence with that of Ad2 gave a similar pattern to the changes observed between Ad2 and Ad5, important differences were also noted. An extremely acidic region present in the subgroup C adenoviruses types 2 and 5 is completely absent in Ad41.
To extend this analysis, and to determine whether the pattern of variable amino acids and absence of the extended acidic region present in Ad2 and Ad5 was a characteristic of enteric adenoviruses, we have examined the hexon of the other member of subgroup F, Ad40. We have determined the nucleic acid sequence of the Ad40 hexon gene and have predicted the amino acid sequence of the corresponding polypeptide. Utilizing the three-dimensional structure of the Ad2 hexon (Roberts et al., 1986) , changes in amino acid sequence between Ad40 and Ad2 can be localized on the hexon molecule. Whereas the base of the polypeptide is highly conserved, the regions that are exposed on the surface show considerable type-specific variation.
METHODS
Cells and virus. Ad40 (strain Dugan) was propagated in 293 cells (Graham et al., 1977) which were grown in Glasgow-modified Eagle's medium (GMEM) containing 10~ newborn calf serum, and maintained post-infection in GMEM containing 2~ newborn calf serum. Virus was purified (Mautner & Willcox, 1974) , and viral DNA was extracted by the method of Pettersson & Sambrook (1973) .
Preparation of probes. Recombinant M13 bacteriophage containing fragments of the Ad41 hexon gene were generated as described previously (Toogood & Hay, 1988) . mA41.1 and mA41.2 contained, respectively, the 5' and 3' ends of the Ad41 gene. Single-stranded radioactive probes were synthesized by primer extension (Jeffreys et al., 1985) using the M13 universal primer, dCTP, dTTP and dGTP in the presence of Klenow polymerase and [~-32p]dATP. Following Bali digestion and denaturation, DNA was fractionated by electrophoresis in a 6% polyacrylamide gel containing 50% (w/v) urea. Radioactive fragments were located by autoradiography, excised and electroeluted, mA41.1 yielded a 129 nucleotide fragment spanning nucleotides 5 to 133 of the hexon gene. mA41.2 yielded a 185 nucleotide fragment extending from nucleotide 2602 to eight nucleotides past the translational termination site.
Identification of the Ad40 hexon gene. Ad40 DNA was digested with PstI, fractionated by agarose gel electrophoresis, and the DNA transferred to a nylon membrane (Southern, 1975) . The blot was probed, using conditions described previously (Hay et al., 1984) , with the 129 nucleotide fragment isolated from mA41.1. After removal of the mA41.1 probe, the membrane was reprobed with the 185 nucleotide fragment from mA41.2. In both cases a single hybridizing species of 5-6 kb was identified. A PstI digest of Ad40 DNA was ligated into pUC13 and used to transform Escherichia coil JM83 (Maniatis et al., 1982) . Ampicillin-resistant colonies were probed with the 129 nucleotide mA41.1 fragment described above and a positive colony, containing the plasmid designated pCT40, was used to prepare DNA by CsCl-ethidium bromide centrifugation (Hay et al., 1984) .
DNA sequencing. Plasmid DNA was sonicated and blunt ends were generated by treatment with T4 DNA polymerase in the presence of dNTPs. DNA was size-fractionated on an agarose gel and fragments of 400 to 800 bp were ligated into Smal-cut dephosphorylated M 13mp8 replicative form DNA. The PstI fragment was isolated from pCT40, nick-translated (Rigby et al., 1977) and used to identify recombinant phage containing Ad40 hexon DNA by plaque hybridization. Phage DNA was sequenced by the dideoxynucleotide procedure (Sanger et al., 1977 (Sanger et al., , 1980 using buffer gradient gels (Biggin et al., 1983) . The sequence was assembled and analysed using the Staden suite 9 f computer programs (Staden, 1982) .
Sequence alignment and molecular modelling. The amino acid sequence alignment was performed using the program ALIGN in PRONUC (Bourne & Desai, 1987) . The program uses the algorithm described by Needleman & Wunsch (1970) . Alignment of sequence was performed pairwise, with each against Ad2. The penalty for breakpoints was varied to get the best alignment score, but in each case maximum alignment was obtained with a value of 12. Models were displayed and manipulated using the molecular modelling program FRODO installed on an Evans and Suthedand PS350 Graphics Display. Materials. Media and bovine serum were from Gibco. Klenow polymerase was purified by the method of Joyce & Grindley (1983) . Restriction enzymes, T4 DNA ligase, E. coli DNA polymerase I and bacterial alkaline phosphatase were obtained commercially and used as specified by the manufacturers. [c~-32P]dATP (3000 Ci/mmol) was obtained from Amersham.
RESULTS AND DISCUSSION

Sequence of the Ad40 hexon gene and comparison with the hexons of other human adenoviruses
The Ad40 hexon gene, identified by hybridization to homologous regions of the Ad41 hexon gene (Toogood & Hay, 1988) , was contained on a 5.6 kb PstI fragment (Fig. 1 a) which was cloned into pUC 13 prior to sequencing. The complete sequence of the adenovirus hexon gene was determined by shotgun dideoxy sequencing (Fig. 2) and its location within the 5-6 kb PstI fragment is represented in Fig. 1 (b) . A coding region of 2772 nucleotides predicts a polypeptide of 922 amino acids which is two amino acids shorter than its Ad41 counterpart and 45 amino acids shorter than that of Ad2. Comparison of the amino acid sequences of the Ad40 and Ad41 hexons, inserting gaps for maximal alignment of the two polypeptides (Fig. 3 ) reveals an overall identity of 88 % (each insertion is taken to be equivalent to one mismatch). However, the major amino acid changes are concentrated in two regions, 131 to 287 and 390 to 425 (unless otherwise stated amino acid numbering refers to the Ad40 hexon sequence) where the percentage of identical amino acids drops to 56 and 27%, respectively. For the remaining 79% of the polypeptide the identity is 98 %. (Takiff et al., 1984) . KTGC~3CACCCCCTCGA~ A~ CCGCAA~GTCT TACAII~CACATCGCCGGGCAGGACGCCTCGGAGTAC CTGAGCCCGGGCCTGGTGCAGTTCG CC~C  CAC ~ATAC~ A~ ~AGC  10  20  30  ~0  50  60  70  80  90  100  110 120 1090  1100  1110  1120  7130  11~0  1150  1160  1170  1180 1190 1200 TCTT&TACTCJLAATGTAGC CTTGTACTTGC CTGACTCTTACJU~TAACCCC CGATAACATTACTTTACC CGACAACJ~ATACATA~C ~ACA~GT~GfiT~CC  1330  13110  1350  1360  1370  1380  1390  I~00  I~I0  11120  I~30 Alignment of the hexon sequences of Ad2, Ad5, Ad40 and Ad41 (Fig. 3) indicates that a greater degree of sequence conservation exists within the members of subgroups. Thus Ad40 and Ad41, which are members of subgroup F, are highly homologous, as are the subgroup C viruses Ad2 and Ad5. The most striking difference between the subgroup C and F viruses is the absence, in Ad40 and Ad41, of a highly acidic region that is present in the subgroup C viruses Ad2 and Ad5 (amino acids 139 to 170 in the Ad2 hexon). Apart from this region, it is clear that the differences between the four serotypes are restricted to defined areas, with the remainder of the sequence being highly conserved between the four serotypes.
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To illustrate the patterns of homology between hexons, pairwise comparisons have been made between Ad40 and Ad2, Ad41 and Ad2, Ad40 and Ad41, and Ad2 and Ad5. In this analysis, the paired hexon sequences have been maximally aligned, divided into runs of 25 amino acids and the percentage of identical amino acids plotted (Fig. 4) . On each histogram the sequences which compose the three surface loops 11, 12 and 14 are indicated. These were identified from the X-ray crystallographic structure of the Ad2 hexon (Roberts et aL, 1986) . The homology profiles, obtained by comparing each of the enteric adenoviruses with Ad2, are almost superimposable. Both loops 11 and 12 are composed of two relatively non-homologous domains separated by a region containing conserved amino acids. An additional region where the non-identical amino acids are concentrated is identified as loop 4 (Fig. 4) . The overall pattern is similar when the hexon of Ad40 is compared to that of Ad41. In this case however, the divergence in sequence is not so dramatic and loop 2 contains only a single region of non-conserved amino acids. This Characterization of adenovirus type 40 hexon 3211 homology profile is strikingly similar to that previously described when hexon sequences of two viruses within the same subgroup (Ad2 and Ad5) were compared (Kinloch et al., 1984) . Closer examination of the sequences of the four serotypes in the region between 453 and 498 (numbering with respect to Ad40) reveals that this region is subgroup-specific. Within this 46 amino acid sequence, 23 amino acids are common to all four virus types. In the 23 variable positions there is only one difference between Ad40 and Ad41 and three differences between types Ad2 and Ad5, but in each case the sequence of the subgroup F virus is different from that of the subgroup C virus. It is also evident that even within the areas of greatest variation in amino acid sequence between the four serotypes, certain positions in the loops are occupied by highly conserved amino acids. These may be important in maintaining a common framework within the hexon polypeptide chain, and thereby conserving the overall structure of the hexon.
Modelling of adenovirus type 40 hexon structure
The strong sequence homology among the hexons of Ad2, Ad5, Ad40 and Ad41 suggests that the hexons are also structurally homologous. The Ad2 hexon is a trimer of three identical polypeptide chains (Griitter & Franklin, 1974) . The three-dimensional structure of the Ad2 hexon trimer has been determined by X-ray crystallography and shown to consist of two distinct parts: a triangular top 6.4 nm in height containing three 'towers', and a pseudo-hexagonal base 5.2 nm in height containing a central cavity (Burnett et al., 1984) . Later work at 0.29 nm resolution (Roberts et al., 1986) , showed that the trimer is formed from three copies of each of the two pedestal domains P1 and P2 in the base, and of the tower domain T at the surface. Each tower domain is formed by three loops, I t and 14 rising from P1 and P2 in adjacent subunits at their interface, and loop 12 rising from P1 in the opposed third subunit (the locations of domains P 1, P2,1~, 12 and 14 are shown in Fig. 5 a) . Domains P 1 and P2 are very similar, each consisting of an eight-stranded flattened fl-barrel arranged in the same 'jelly roll' topology (Richardson, 1981) . This topology is also found in the coat proteins of small spherical RNA plant viruses (Olson et al., 1983; Rossmann et al., 1983) and human RNA viruses (Rossmann et al., 1985; Hogle et al., 1985) . Although this topology is not unique to viral proteins, it is a consistently observed feature of viral architecture (Liljas, 1986 ).
An attempt was therefore made to predict the structure of the Ad40 hexon by aligning its sequence with that of the three-dimensional structure determined for the Ad2 hexon (Roberts et al., 1986) . A Cot trace of the Ad2 hexon displays the various domains contained within the hexon monomer (Fig. 5 a) . Non-conserved residues in Ad40 were superimposed on this structure and are represented in Fig. 5 (b) and (c). In the Ad40 hexon the altered residues, deletions and insertions with respect to Ad2, are generally located in the surface loops 1~ and 12 and to a lesser. extent 14 (Fig. 5 ). Since these are considered to be the portions of the molecule subject to change, any differences between the serotypes would be predicted to occur in these regions. Few differences exist between the various serotypes in the 13 region as this loop is sandwiched between P1 and P2 and is required to maintain the integrity of the structure.
Since the adenovirus hexon is a trimer with extensive interactions between loops arising from different subunits, the alterations described above have been displayed on space-fillingmodels of the complete trimer (Fig. 6) . Amino acid changes are mainly confined to the top of the molecule with most deletions and insertions buried inside the molecule, except for the deletion in the D strand which is partly exposed (Fig. 6a and b) . A section through the hexon trimer at the junction of the top and the base confirms this observation and further demonstrates that amino acid changes are on the periphery with the bulk of the core residues being conserved (Fig. 6 c) . A further section through the fl-barrels reveals the very strong conservation in the base formed by the domains P1 and P2.
The absence in the Ad40 hexon of the 32 mainly acidic amino acids present in the Ad211 loop indicates that this loop must be short in the Ad40 hexon and may fold differently from that When a side-chain suffered a~steric contact with its neighbouring atoms, it was rotated by varying the torsion angles so that it could be fitted without violating van der Waals' contacts. Torsion angles were always held well within statistically allowed values. Residues 135 to 138 fit well, but the D-strand cannot continue beyond residue 138 due to the large lysine side chain of both Ad40 and Ad41 and the constricted space due to the presence of the bulky histidine side-chain, which is seen just above residue 139 (Fig. 7) . There is enough space for a small residue, but not enough to fit the lysine residue in the Ad41 sequence. The requirement for a small residue at this site is emphasized by the reduction in available space when~he top of the D-strand is buried upon formation of the trimer. As a consequence, loop 11 in
